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Abstract 
 
Technological problems which occur during the production of castings made of ferritic-austenitic (duplex) cast steel have caused that this 
most modern material among corrosion-resistant cast steels is seldom produced in Poland. The main reason of arising problems is the 
necessity of achieving a very low carbon content (Cmax = 0.03%, according to PN-EN 10283:2004) and the occurring of hot cracking. It is 
impossible for our domestic foundries to achieve such a low carbon content, because it demands for out-of-furnace treatment. It should be 
mentioned that the standards developed by international cast steel producers admit also cast steel grades with higher carbon content than 
the PN-EN 10283:2004 Standard. The so far produced in Poland massive castings have exhibited higher (~ 0,05‚0,12) carbon content, but 
also the significant hot cracking susceptibility. Is the increased carbon content along with about 3% copper addition, which lowers the 
temperature  of  the  end  of  solidification  process,  the  reason  of  hot  cracking  of  produced  castings?  The  paper  presents  the  results  
of investigation performed by DDTA and ThermoCalc analyses, as well as by microstructural examination for duplex cast iron with 
varying carbon content. 
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1. Introduction 
 
The possibility of ageing and increasing the alloy hardness by 
such a treatment has made it reasonable to choose copper-alloyed 
cast  steel  for  castings  working  under  erosive  and  corrosive 
conditions, among which one can find elements of pump casings, 
impellers,  guide  vanes  working  in  systems  of  wet  flue  gas 
desulphurisation in power plants [1-3]. For that reason there have 
been undertaken some attempts to produce massive casting made 
of GX2CrNiMoCuN25-6-3-3 grade cast steel in Poland, however 
the  large  amount  of  defective  castings  and  problems  with 
utilization of copper-rich process scrap at realising single orders 
have  caused  that  the  Polish  power  industry  still  uses  imported 
elements. It should be noticed that the attempts have concerned 
with 1.4321 grade cast steel, since the lack of possibility of out-
of-furnace treatment precluded achieving the carbon content Cmax 
equal to 0.03%. 
It  seems  that  one  of  the  factors  promoting  hot  cracking  in 
duplex cast steel items can be the possible occurring of peritectic 
reaction  during  the  final  stage  of  their  non-equilibrium 
solidification.  The  pernicious  influence  of  peritectic  reaction 
during carbon steel solidification, occuring particularly for ingots 
achieved by continuous steel casting (CSC) technology, is well 
known and is accompanied with an increased quantity of defects 
[4-7].  The  increased  hot  cracking  susceptibility  has  also  been 
proved  for  duplex  cast  steels  containing  copper  additions. 
According  to  the  author’s  own  investigations  the  ferritic-
austenitic cast steel grades recommended by state or producers’ A R C H I V E S   o f   F O U N D R Y   E N G I N E E R I N G   V o l u m e   9 ,   I s s u e   3 / 2 0 0 9 ,   1 7 7 - 180  178 
standards provide for purely ferritic mechanism of solidification. 
It should be stressed that as much as five elements occurring in 
duplex  cast  steel  (Ni,  Cu,  N,  Mn,  and  C)  enter  the  peritectic 
reaction with iron during the alloy solidification. It seems that the 
synergetic effect of their combined interaction can be expected for 
this reaction. 
It  has  been  recognized  as  significant  to  verify  –  by  the 
analysis of the duplex cast steel solidification process – if it is 
actually reasonable to speak about the occurring of the peritectic 
reaction. 
The work undertakes an attempt of assessing the duplex cast 
steel solidification process for two grades: GX2CrNiMoN25-6-3 
and  the  alloy  with  copper  addition  GX2CrNiMoCuN25-6-3-3, 
with carbon content increased up to about 0.08%, i.e. the quantity 
which can be easily achieved by domestic foundries. 
 
 
2. Material and methodology of tests 
 
The  phenomena  occurring  during  the  solidification  and 
cooling of the ferritic-austenitic cast steel have been examined by 
means  of  derivative  differential  thermal  analysis  (DDTA), 
performed  on  Crystaldimat  ATD-10  device,  and  numerically 
analysed  using  Thermo-Calc  and  Dictra  programs.  The  tested 
material  has  consisted  of  two  standardized  grades  of  ferritic-
austenitic  cast  steel,  i.e.  GX2CrNiMoN25-6-3  (1.4468)  and 
GX2CrNiMoCuN25-6-3-3  (1.4517)  ones.  Additionally, 
investigations have concerned also with the significance of the 
increased carbon content for the solidification mechanism of the 
ferritic-austenitic  cast  steel,  taking  into  account  that  most  of 
domestic foundries have no technical means to achieve a very low 
carbon  content  in  produced  cast  steels.  The  basic  material  has 
been cast steel obtained by melting pure charge materials in the 
medium-frequency  induction  furnace  of  140  kg  capacity. 
Laboratory  re-melting  has  been  performed  in  the  medium 
frequency  (~30  kHz)  induction  crucible  furnace  of  crucible 
capacity equal to about 400 g. The varied carbon content has been 
obtained by adding ‘Ferrus’ pig iron containing 4.5% of carbon, 
and the retaining of chemical composition has been assured by a 
very quick – about 60 seconds’ time – melting of probe charge in 
argon  atmosphere.  After  performing  the  DDTA  analysis  the 
probes have been cut along their diameters, and metallographic 
specimens  as  well  as  samples  for  examining  chemical 
compositions have been prepared from the obtained material. The 
examinations  have  been  held  for  the  determined,  fixed  for 
comparison, regions of specimens, i.e. in the probe axis and at the 
about 20 mm distance from the thermocouple. 
Chemical compositions of cast steel determined by emission 
optical spectroscopy methods (the LECO analyser has been used 
for  determining  carbon,  sulphur,  and  nitrogen  content)  are 
gathered in Table 1. 
 
Table 1.  
Chemical compositions of the examined cast steels (mass %) 
Cast 
steel  C  Cr  Ni  Cu  Mo  Mn  Si  S  P  N 
A  0.025 26.80  6.56  0.03  3.00  1.19  1.04  0.011 0.008  0.25 
B  0.024 25.62  6.52  2.55  2.98  0.97  0.86  0.010 0.008  0.25 
C  0.084 26.12  6.62  0.03  3.04  1.03  1.03  0.011 0.008  0.30 
D  0.076 25.40  6.50  2.55  2.84  0.82  0.87  0.010 0.008  0.27 
Microscopic examinations have been done by means of optical 
microscope Zeiss Axiovert 25, and the metallographic specimens 
have been etched – according to PN-61/H-04503 Standard – with 
Mi21Fe  reagent  consisting  of  30  g  of  potassium  ferrocyanide,  
30 g of potassium hydroxide, 60 ml of distilled water. 
 
 
3. Examination results 
 
The  exemplary  results  of  derivative  differential  thermal 
analysis (DDTA) of the examined cast steel have been presented 
in Figs 1 and 2. The DDTA results create a basis for determining 
the characteristic transition points, and their temperature ranges 
define the following regions: 
- PkAB  the ferrite crystallization range,  
 - BCD  the peritectic transformation range, B – the beginning,  
C – the end of transformation, 
 - E    the  beginning  of  ferrite-to-austenite  transformation  
in the solid state (Fig. 1), 
 - W1W2  the  range  of  Cr23C6  carbide  precipitating  (at  higher 
carbon contents – Fig. 2).   
The reported scientific data concerning alloys which exhibit 
the  peritectic  transformation  due  to  their  chemical  composition 
have been used at the stage of results analysis, and one of such 
examples is presented in Fig. 1 [8]. The results of analysis of the 
DDTA curves for all the examined alloys indicate the presence of 
peritectic  reaction,  and  the  determined  characteristic  transition 
temperatures are gathered in Table 2. Also the presence of Cr23C6 
carbides, precipitating in the final stage of solidification, has been 
stated in the cast steel containing Cu and the increased carbon 
content. 
 
 
Fig. 1. The DDTA results for GX2CrNiMoN25-6-3 cast steel 
 
Table 2.  
Results of the DDTA analysis 
Carbon 
content 
[%] 
Characteristic transformation points  
Temperature [ºC] 
Pouring  PkAB   BCD   E  W1W2 
  GX2CrNiMo25-6-3 
0.02  1547  1451-1426  1426-1375  1305  - 
0.08  1545  1449-1416  1416-1362  1340  - 
  GX2CrNiMoCu25-6-3-3 
0.02  1536  1444-1429  1429-1361  1310  - 
0.08  1563  1440-1411  1411-1355  -  1355-1311 
The example of the peritectic 
transformation range in the cast steel of 
carbon content about 0.045% [8] A R C H I V E S   o f   F O U N D R Y   E N G I N E E R I N G   V o l u m e   9 ,   I s s u e   3 / 2 0 0 9 ,   1 7 7 - 180  179 
 
Fig. 2. The DDTA results for GX2CrNiMoCuN25-6-3-3 grade 
cast steel with increased carbon content 
 
Figure  3  presents  the  microstructure  of  the  examined  cast 
steel.  The  author  is  convinced  that  the  characteristic  austenite 
precipitating at boundaries of the large grains of primary ferrite 
present  in  all  examined  alloys  is  an  evidence  of  the  peritectic 
reaction  occurring,  and  not  of  the  ferrite-to-austenite  transition  
in solid state in this region. 
  
 
 
 
Fig. 3. Microstructures of the GX2CrNiMoN25-6-3  
and the GX2CrNiMoCuN25-6-3-3 cast steels 
 
The  DDTA  examinations  has  been  verified  by  analytical 
methods,  and  the  results  of  simulations  achieved  from  the 
Thermo-Calc  program  are  presented  in  Fig.  4  and  Table  3. 
Calculations  have  been  performed  according  to  the  Scheil-
Gulliver  model,  which  assumes  the  infinitely  quick  diffusion  
in a liquid and the lack of diffusion in a solid phase, as well as for 
the assumption of equilibrium solidification (dashed line). 
 
 
 
Fig. 4. The progress of cast steel solidification process according 
to the Thermo-Calc analysis 
 
Table 3. 
Results of the Thermo-Calc analysis 
 
Obviously,  the  possibility  of  occurring  the  peritectic  reaction 
during  the  final  stage  of  solidification  has to be  related  to  the 
phenomenon  of  partitioning  of  the  elements  between  phases, 
which in turn depends on the values of the partition coefficient k. 
Examples of changes in concentration of the austenite-forming Ni 
and Cu in liquid phase during the stage of ferritic solidification 
are shown in Figure 5. Simulations have been performed for the 
cooling rate of 2°C/s which corresponds to the cooling rate of the 
probes used in DDTA method. 
Carbon 
content 
[%] 
Solidification progress 
Liquid + ferrite 
Liquid + ferrite + 
austenite (peritectic 
reaction) 
Liquid + ferrite + 
austenite + M23C6 
Temperature 
[ºC] 
Solid 
phase 
frac-
tion 
[%] 
 
Temp. 
of the 
reac-
tion 
end 
[ºC] 
Volume 
partici-
pation 
[%] 
Solid 
phase 
frac-
tion 
[%] 
Temp. 
of the 
solidify-
cation 
end 
[ºC] 
Volume 
partici-
pation 
[%] 
Begin
ning  End 
GX2CrNiMo25-6-3 
0.02  1444  1357  77.6  1230  22.2  99.8  -  - 
0.08  1436  1350  72  1245  24.3  96.3  1225  3.7 
  GX2CrNiMoCu25-6-3-3 
0.02  1413  1314  72  1195  25.3  97.3  1172  2.7 
0.08  1406  1310  67.2  1190  28.6  95.8  1179  4.2 A R C H I V E S   o f   F O U N D R Y   E N G I N E E R I N G   V o l u m e   9 ,   I s s u e   3 / 2 0 0 9 ,   1 7 7 - 180  180 
 
 
 
Fig. 5. Examples of changes in concentration (partitioning)  
of selected elements in liquid phase during the solidification  
of duplex cast steel containing 0.03%C: a) Ni, b) Cu;  
cooling rate 2°C/s 
 
 
4. Conclusion 
 
The  ferritic-austenitic  cast  steel  belongs  to  the  group  of 
technologically  difficult  materials  due  to  the  content  of  many 
alloying elements of either ferrite- or austenite-forming character, 
as well as because of a series of transformations proceeding in the 
solid  state:  transformation  of  a  part  of  δ  ferrite  to  austenite, 
precipitation of ζ phase and ε-Cu. A strong influence of ζ phase, 
precipitating  within  the  temperature  range  from  about  1000°C 
(due  to  the  presence  of  Mo)  to  600°C,  on  the  hot  cracking 
susceptibility  is  well  known  and  proved.  It  seems  that  an 
additional problem, arising already at the solidification stage, is 
the occurring of the peritectic reaction after a significant amount 
of ferrite has crystallized. The presence of a phase of different 
packing density and unfavourable morphology (a network along 
grain  boundaries  of  a  ferrite  colony)  within  the  range  of  zero 
strength, as well as an increase of concentration of the ferrite-
forming elements in the final stage of austenite crystallization, can 
lead  to  the  particular  ‘sensivity’  of  such  a  region  for  ζ  phase 
precipitation  on  cooling.  The  data  from  Thermo-Calc  analysis 
indicate  that  both  the  Cu  addition  and  the  increased  carbon 
content  result  in  an  increase  of  the  participation  volume  three 
phase  area.  An  attention  is  drown  to  the  possibility  of  the 
occurring of carbides in the Cu-containing cast steel with 0.024% 
carbon  content,  however  metallographic  examination  has  not 
revealed their presence in the examined cast steel. As far as the 
cast steel containing Cu is concerned, an increased carbon content 
results additionally in precipitating of carbides, the presence of 
which has been confirmed by EDX analysis, and which are the 
centres  of  subsequent  nucleation  of  other  secondary  phases, 
particularly the ζ phase [9]. The possibility of occurring of the 
peritectic  reaction  has been  also  indicated by  data obtained by 
means of the Dictra program. 
It seems that employing the three independent investigation 
methods to confirm the assumed idea, which concerns the way of 
solidification  of  duplex  cast  steel  castings  under  the  real 
conditions, makes the assumption credible. 
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